Ketamine and lithium both inhibit glycogen synthase kinase 3. In addition, lithium and ketamine have synergistic antidepressantlike effects at individually subeffective doses in rodents. We hypothesized that ketamine's antidepressant effects would be improved by therapeutic doses of lithium versus valproate and that serum lithium levels would positively correlate with ketamine's antidepressant efficacy. Thirty-six patients with treatment-resistant bipolar depression maintained on therapeutic-dose lithium ( = 23, 0.79 ± 0.15 mEq/L) or valproate ( = 13, 79.6 ± 12.4 mg/mL) received 0.5 mg/kg ketamine infusion in a randomized, double-blind, placebo-controlled, crossover trial. The primary depression outcome measure-the Montgomery-Åsberg Depression Rating Scale (MADRS)-was assessed before infusion and at numerous postinfusion time points. Both lithium (F 1,118 = 152.08, < 0.001, and = 2.27) and valproate (F 1,128 = 20.12, < 0.001, and = 0.79) significantly improved depressive symptoms, but no statistically significant difference was observed between mood stabilizer groups (F 1,28 = 2.51, = 0.12, and = 0.60). Serum lithium and valproate levels did not correlate with ketamine's antidepressant efficacy. Although the study was potentially underpowered, our results suggest that lithium may not potentiate ketamine's antidepressant efficacy in treatment-resistant bipolar depression.
Introduction
In bipolar disorder (BD), major depressive episodes are more prevalent and disabling than the sine qua non of the disorder, (hypo)mania [1] . The depressive phase of the illness is also often more difficult to treat, and few United States Food and Drug Administration-(FDA-) approved options exist. As a result, in treatment-refractory bipolar depression, polypharmacy is common and often comes with a high side effect burden, for example, sedation, obesity, and metabolic abnormalities [2, 3] . A critical need exists for additional medication options with alternative mechanisms of action to treat refractory bipolar depression. We and others have demonstrated that subanesthetic dose ketamine-an N-methyl-D-aspartate (NMDA) receptor antagonist-has rapid-acting antidepressant and anxiolytic effects when used adjunctively to standard mood stabilizers, including therapeutic-dose lithium and valproate [4] [5] [6] . A single dose of ketamine also did not cause antidepressant-induced (hypo)mania in a combined sample from our two randomized, placebo-controlled, adjunctive ketamine trials [7] . This supports ketamine's safety and tolerability in potentially vulnerable patients with BD.
Glycogen synthase kinase 3 (GSK3) has been linked to the neuropathophysiology and treatment of mood disorders and schizophrenia [8] . Lithium both directly and indirectly inhibits GSK3 [9] . Lithium-induced GSK3 inhibition is dosedependent, with an enzyme inhibition constant (Ki) of 1-2 mM (serum therapeutic range 0.6-1.2 mM) [10, 11] due to competition for magnesium [12] (magnesium is also the NMDA receptor pore block that must be removed for channel flux). Like lithium, ketamine has also been shown to inhibit GSK3 by increasing serine phosphorylation [13] . In rodents, the combination of low (subeffective) doses of NMDA receptor antagonists (including ketamine) and lithium has been reported to have synergistic antidepressant effects, as assessed via the forced swim test [14] . Finally, GSK3 inhibition by lithium and a selective GSK3 inhibitor (SB 216763) potentiated the antidepressant, synaptogenic, and electrophysiological effects of subthreshold dose (1 mg/kg) ketamine; these effects included mammalian target of rapamycin (mTOR) activation, increased excitatory postsynaptic currents (EPSCs), and dendritic spine morphogenesis [15] .
Based on these preclinical observations, we hypothesized that the antidepressant effect of ketamine in bipolar depression would be synergized by lithium but not valproate, which likely exerts its mood-stabilizing properties predominately through GSK-independent mechanisms [16] . In addition, we hypothesized that greater antidepressant improvement would be associated with higher serum levels of lithium due to these putative synergistic inhibitory effects on GSK3. Finally, we hypothesized that lithium-treated subjects would have fewer dissociative and/or psychotomimetic side effects from ketamine than valproate-treated subjects.
Materials and Methods
All patients ( = 36) were admitted to the Inpatient Mood and Anxiety Disorder Research Unit at the National Institute of Mental Health (Bethesda, MD, USA). All participants provided written informed consent as approved by the NIH Combined Neuroscience Institutional Review Board (ClinicalTrials.gov Identifier: NCT00088699, NIH Protocol ID number: 04-M-0222, substudy 2). All subjects met DSM-IV criteria for BD (combined BD I and II) without psychotic symptoms based on clinical assessment and confirmed by structured diagnostic interview. Treatment-refractoriness was confirmed by nonresponse to at least one antidepressant (as confirmed by the modified Antidepressant Treatment History Form [17] ). Lithium-maintained ( = 23) and valproate-maintained ( = 13) subjects had 9.36 ± 4.90 and 10.67 ± 2.08 lifetime adequate antidepressant trials, respectively (Table 1) . Subjects had a Montgomery-Åsberg Depression Rating Scale (MADRS) score ≥20 at screening and at the start of each infusion. Exclusion criteria included current psychotic features, a diagnosis of schizophrenia or any other psychotic disorder, or active drug or alcohol abuse or dependence as defined by the fourth iteration of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV).
All data were secondarily analyzed from our doubleblind, placebo-controlled, crossover (two weeks between infusions) add-on studies with a single subanesthetic dose (0.5 mg/kg) ketamine infusion or placebo over 40 minutes. The safety, tolerability, and efficacy data have been reported previously [4, 5] . All patients were maintained on therapeutic blood levels of either lithium (0.6-1.2 mEq/L) or valproate (50-125 mg/mL) for at least four weeks prior to the first ketamine infusion without additional standing or asneeded psychotropic medication administration. If applicable, adjunctive medications, for example, second-generation antipsychotics and antidepressants, were tapered off and discontinued for at least two weeks (five weeks for fluoxetine) before the first ketamine infusion. Therapeutic levels of lithium and valproate were confirmed during screening and also measured on the morning of each ketamine infusion; the latter levels (blood levels assessed the same day as the ketamine infusion) were used in this analysis. Change in MADRS score was assessed at 40, 80, 120, and 230 minutes after ketamine infusion, as well as one, two, three, seven, 10, and 14 days after infusion. Side effects were also measured at these time points via the Clinician-Administered Dissociative States Scale (CADSS) and the Brief Psychiatric Rating Scale (BPRS; the present analysis used data from the positive symptom portion of the BPRS only).
To examine differences in antidepressant response to ketamine based on mood stabilizer, a linear mixed model with restricted maximum likelihood estimation was used with time as a repeated measures factor and mood stabilizer (lithium versus valproate) and drug (ketamine versus placebo) as fixed factors. Our outcome measure for antidepressant response was total MADRS score. This was a full factorial model with a covariate of baseline MADRS and a first-order autoregressive covariance structure. In order to examine ketamine's side effect profile based on mood stabilizer, a linear mixed model with restricted maximum likelihood estimation (and the same repeated and fixed factors) was used with total CADSS and BPRS positive symptom scores as outcome measures and baseline CADSS and BPRS positive symptom scores as covariates, respectively.
The relationship between same-day mood stabilizer blood level and percent change in MADRS score from baseline was examined via bivariate correlational analyses. We used 230 minutes, one day, and seven days after infusion to contrast ketamine's same-day/hyperacute (230 min), next-day/acute (day 1), and sustained (day 7) antidepressant effects. These time points have been used in other published correlational analyses from our group [18] [19] [20] . Additional bivariate correlations were run with same-day mood stabilizer blood levels and change in CADSS and BPRS positive symptom scores from baseline to 40 minutes; this time point reflected when the ketamine infusion ended as well as when the greatest dissociative and psychotic-like adverse effects were likely to occur. Significance was evaluated at < 0.05, two-tailed.
Results
This combined sample comprised 36 subjects with BD. Twenty-three and 13 subjects were maintained on therapeutic doses of lithium or valproate, respectively. No significant differences were observed for any of the demographic and clinical factors examined ( > 0.05, Table 1 ). On the day of the ketamine infusion, group lithium levels were 0.79 ± 0.15 mEq/L, and group valproate levels were 79.6 ± 12.4 mg/mL. We first used a linear mixed model to examine the antidepressant effect of ketamine based on total MADRS score in subjects taking lithium versus valproate (Figure 1) . The model showed a significant drug-by-mood stabilizer interaction ( 1,125 = 8.26, = 0.005), but no three-way interaction with time ( 9,306 = 0.90, = 0.52). Depressive symptoms improved significantly in subjects receiving lithium ( 1,118 = 152.08, < 0.001, and = 2.27) or valproate ( 1,128 = 20.12, < 0.001, and = 0.79), but no statistically significant difference was noted between mood stabilizer groups ( 1,28 = 2.51, = 0.12, and = 0.60). In our linear mixed model that examined the side effects of ketamine using total CADSS score, we found no significant drug-by-mood stabilizer effect ( 1,171 = 0.39, = 0.54) and no three-way interaction with time ( 9,360 = 0.18, = 1.00). In the linear mixed model using total BPRS positive symptom score as an outcome measure, we likewise found no drug-by-mood stabilizer effect ( 1,147 = 0.034, = 0.85) or three-way interaction with time ( 9,342 = 0.088, = 1.00).
We next performed Pearson correlations to examine the relationship between drug blood levels and percent change in MADRS score from baseline to 230 minutes, one day, and seven days after ketamine infusion. Two patients dropped out before receiving ketamine but after receiving their first placebo infusion, one receiving lithium and one receiving valproate; thus, 21 lithium-and 12 valproate-treated patients were available for the bivariate correlational analyses (Figure 2 ). For valproate, we found a significant positive correlation at 230 minutes ( = 0.59, = 0.04), but 
Discussion
We observed a significant interaction between drug and mood stabilizer in this sample of 36 subjects with treatmentresistant bipolar depression maintained on therapeutic-dose lithium ( = 23) or valproate ( = 13). Ketamine's antidepressant effect size relative to placebo was larger for lithium ( = 2.27) than valproate ( = 0.79), but no statistically significant difference was observed between these two agents. As observed in our prior studies of ketamine in bipolar depression, the antidepressant effects of a single subanesthetic dose ketamine infusion are transient and failed to separate from placebo by three days after infusion. After correcting for multiple comparisons, we found that preketamine infusion same-day levels of lithium or valproate did not correlate with ketamine's antidepressant effects. No significant associations were observed between dissociative or psychotomimetic side effects and mood stabilizer in either the linear mixed model (type) or correlational analyses (same-day serum levels).
As noted above, GSK3 inhibition appears to be a central mood-stabilizing mechanism; other potential mechanisms include inositol monophosphatase inhibition [21] , decreased membrane associated protein kinase C [22] , increased protein kinase C-alpha activity [23] , and proteasomal inhibition [24] . Valproate also has several putative mechanisms of action, including voltage-gated sodium channel inhibition [25] , increased gamma-aminobutyric acid (GABA) [26] , and GSK3 beta inhibition in vitro [27] ; however, histone deacetylase (HDAC) inhibition seems to be its major mechanism of action as a mood stabilizer [28] . As demonstrated in preclinical models of neuropsychiatric disorders, GSK3 inhibition by lithium and HDAC inhibition by valproate initiate numerous downstream neuroprotective cascades, including increased neurotrophin expression/secretion (e.g., of brainderived neurotrophic factor (BDNF)). In addition, preclinical studies found that the combination of lithium and valproate enhanced neuroprotection by synergistically inhibiting GSK3 [29] .
Although we initially hypothesized that the lithium group would have greater antidepressant improvement due to lithium and ketamine's convergence on GSK3 inhibition, the lack of between-group differences between the lithiumand valproate-treated groups may be explained by a greaterthan-hypothesized overlap in their mechanism(s) of action. In addition, studies have shown that both lithium and valproate reverse or minimize impaired neuroplasticity in BD; for instance, lithium restores mitochondrial dysfunction, increases central N-acetylaspartate levels, and increases cortical gray matter volume [30] [31] [32] . Other studies found that BD subjects who respond to ketamine have differential mitochondrial -oxidation of fatty acids and, in preclinical studies, ketamine was found to stimulate the release of BDNF and concomitant synaptic plasticity [33] [34] [35] . Nevertheless, most of the above discoveries were identified in preclinical models of depression and/or small clinical samples, so their relevance to a heterogeneous, highly prevalent clinical disorder like bipolar depression is tentative. Several possibilities might explain the lack of correlation between serum lithium levels and ketamine's antidepressant effects. First, with only 23 subjects, our study may be underpowered to detect a small-to-medium potentiating effect of lithium on ketamine's antidepressant effects. In addition, BD is a heterogeneous disorder with different subtypes, and the breadth of the disorder might not have been reflected in our small sample, leading to potential type II (false negative) errors. Second, in their rodent study, Liu and colleagues [15] showed that the combination of subeffective doses of ketamine and lithium had synergistic antidepressant effects equivalent to those of higher-dose ketamine. However, this may occur only at subtherapeutic levels of lithium and/or ketamine; at the higher doses used in this study, GSK3 may already be maximally inhibited. Third, the patients in our study were on steady-state therapeutic levels of either lithium or valproate for at least four weeks prior to their first infusion.
In contrast, lithium was given acutely in the preclinical studies, suggesting that it may not synergize with ketamine when taken chronically, due to transcriptional/translational effects on GSK3 and/or downstream neurotrophins such as BDNF [36, 37] . Fourth, the patients in our study were a highly treatment-refractory population including some subjects who had not previously responded to lithium; in the preclinical studies, the rodents were treatment-naive. Thus, lithium and ketamine may only work synergistically in lithium-responsive patients. Fifth, as alluded to above, there may be metabolomic differences between humans and rodents that explain the lack of synergistic effects between ketamine and lithium and that have been associated with clinical nonresponse. These include increased serum levels of select ketamine metabolites like (2S,5S;2R,5R)-hydroxynorketamine [38] and altered mitochondrial -oxidation of select fatty acids [33] . Finally, the wash-out period of two weeks (five for fluoxetine) and prior treatment with antipsychotics or antidepressants could still have affected outcome in this study given that chronic administration of antidepressants/antipsychotics may affect cycling and, in some patients, these effects persist beyond the medication's half-life [39, 40] .
Conclusions
In conclusion, ketamine had rapid antidepressant effects in treatment-resistant patients with bipolar depression maintained on therapeutic levels of either lithium or valproate. Although the effect size was medium ( = 0.60) in a small sample ( = 36), no statistically significant antidepressant difference emerged between medications, and serum levels for both medications did not correlate with antidepressant efficacy at three time points. In the context of a disorder as heterogeneous as bipolar depression, future studies should define and characterize (both clinically and biologically) more homogeneous subgroups based on antidepressant response to adjunctive ketamine.
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